A new type of electronic voltage transformer is proposed in this study for big data background. By using the conventional inverted SF_6 transformer insulation structure, a coaxial capacitor sensor was constructed by designing a middle coaxial electrode between the high-voltage electrode and the ground electrode. The measurement of the voltage signal could be obtained by detecting the capacitance current i of the SF_6 coaxial capacitor. To improve the accuracy of the integrator, a high-precision digital integrator based on the Romberg algorithm is proposed in this study. This can not only guarantee the accuracy of computation, but also reduce the consumption time; in addition, the sampling point can be reused. By adopting the double shielding effect of the high-voltage shell and the grounding metal shield, the ability and stability of the coaxial capacitor divide could be effectively improved to resist the interference of stray electric fields. The factors that affect the coaxial capacitor were studied, such as position, temperature, and pressure, which will influence the value of the coaxial capacitor. Tests were carried out to verify the performance. The results showed that the voltage transformer based on the SF_6 coaxial capacitor satisfies the requirements of the 0.2 accuracy class. This study can promote the use of new high-performance products for data transmission in the era of big data and specific test analyses.
Introduction
The development of the smart grid has reached consensus around the world [1] [2] [3] . The smart grid has the characteristics of covering a wide range of geographical locations, controlling a large amount of energy transmission, and regulating the real-time balance of power transmission. These characteristics make the power grid generate a huge amount of data at run time, which provide a foundation for using big data technology. With the development of the Internet, the application of big data technology is becoming more and more extensive. The important feature of big data is that it requires the timely collection of a large number of rapidly changing parameters of power systems, characterized by high speed, big scale, and diversity. In order to ensure the safe and stable operation of the power grid, it is necessary to control the running state of the power grid in real time and obtain a large amount of instantaneous data as the data source of the big data technology [4, 5] . As an important measuring equipment of an electrical circuit, the electronic transformer is suitable for the demand of this era with
Principle and Structure
The research on high-voltage transformers is mainly focusing on two aspects. One is the series of multiple-capacitance voltage transformer and the other is the optical voltage transformer [11] . The temperature stability of the optical voltage transformer is poor, and the measurement accuracy may be affected. The manufacturing process requirements are numerous and lead to a higher cost [12] . For the voltage transformer based on series of multiple capacitance transformers, although the ferromagnetic resonance existing in the traditional CVT (Capacitor Voltage Transformer) is eliminated, the equivalent capacitance of the series high-voltage capacitor is sensitive to the parasitic capacitance for the high-voltage side C h and the parasitic capacitance C e to the ground. Figure 1 is a schematic of the distribution of C h and C e . C h is usually smaller than C e , and the combination of the two capacitances is equivalent to a smaller parasitic capacitance to the ground, which is usually called the equivalent parasitic capacitance C ed to the ground. Part of the current will flow through the parasitic capacitance C e to the ground because of the existence of C ed , which will cause a change in measurement accuracy and make the anti-electromagnetic interference poor. Although the increase of the capacitance can reduce this effect, the price and size will increase sharply [13] . The research on electronic transformers started in the 1960s, and many companies engaged in correlative research. Countries such as the US, Japan, and France have studied prototypes and operated separately [7] . In China, Xi'an Jiao Tong University, Huazhong University of Science and Technology, and other universities and institutes are also carrying out related research and producing many products, such as an optoelectronic effect electronic voltage transformer studied by Huazhong University of Science and Technology, which was operated in a 110 kV substation in Guangdong power grid [8] .
Although great progress has been made for the electronic voltage transformer, there are still problems to solve. For optical voltage transformers, the performance is unstable and easily affected by temperature variations, while the voltage transformer based on series of multiple capacitance is susceptible to the external stray capacitance, and its performance is not stable [9, 10] .
To solve these problems, an electronic voltage transformer based on a coaxial capacitor and digital integration is proposed in this study. The unique overall structure of the electronic voltage transformer has the advantages of a strong ability to resist external stray electric field interference, a high measurement accuracy, and a good stability. To improve the accuracy of the integrator, a new integration algorithm was developed to reduce the computation time and improve the accuracy. The results show that the electronic voltage transformer can meet the accuracy requirements of 0.2 level in IEC60044-7 and GBT 20840. and has a very prominent application and industrialization prospect.
The research on high-voltage transformers is mainly focusing on two aspects. One is the series of multiple-capacitance voltage transformer and the other is the optical voltage transformer [11] . The temperature stability of the optical voltage transformer is poor, and the measurement accuracy may be affected. The manufacturing process requirements are numerous and lead to a higher cost [12] . For the voltage transformer based on series of multiple capacitance transformers, although the ferromagnetic resonance existing in the traditional CVT (Capacitor Voltage Transformer) is eliminated, the equivalent capacitance of the series high-voltage capacitor is sensitive to the parasitic capacitance for the high-voltage side Ch and the parasitic capacitance Ce to the ground. Figure 1 is a schematic of the distribution of Ch and Ce. Ch is usually smaller than Ce, and the combination of the two capacitances is equivalent to a smaller parasitic capacitance to the ground, which is usually called the equivalent parasitic capacitance Ced to the ground. Part of the current will flow through the parasitic capacitance Ce to the ground because of the existence of Ced, which will cause a change in measurement accuracy and make the anti-electromagnetic interference poor. Although the increase of the capacitance can reduce this effect, the price and size will increase sharply [13] . In order to solve the above problems, the electronic voltage transformer proposed in this study combines the insulation technology of the traditional inverted SF_6 transformer and the new sensing technology. The voltage sensor uses the SF_6 coaxial capacitor as the high voltage capacitor to construct the voltage sensor, which eliminates the inherent ferromagnetic resonance of traditional voltage transformers. The high-voltage shell and the grounding metal shield play a double shielding function. They can effectively eliminate the influence of the parasitic capacitance and have good electromagnetic interference resistance and high stability.
The structure of the proposed voltage transformer is shown in Figure 2 . Each part is explained in detail in Figure 2 . It can be seen from the figure that it mainly consists of three parts: the high-voltage shell, the insulating sleeve, and the grounding system. The high-voltage shell part consists of an explosion-proof slice, a high-voltage shell, a primary connection terminal, a primary conductor, a metal shield, and a capacitor ring. The capacitor ring is installed in the inner side of the metal shield. The insulating sleeve part consists of an insulating sleeve and a metal tube. The grounding system part consists of a gas density meter, a grounding guide rod, a base, a secondary connection boxes, and a nameplate. The interior of the high-voltage shell and the insulating sleeve are insulated by SF_6 gas. The primary connection terminal is connected to high-voltage, so the high-voltage shell and the primary conductor are on the high-potential side. The metal shield is connected to the earthing screw through the metal tube, so it is on the low-potential side. The insulation between the high-voltage and low-voltage potentials is obtained with SF_6 gas. In order to solve the above problems, the electronic voltage transformer proposed in this study combines the insulation technology of the traditional inverted SF_6 transformer and the new sensing technology. The voltage sensor uses the SF_6 coaxial capacitor as the high voltage capacitor to construct the voltage sensor, which eliminates the inherent ferromagnetic resonance of traditional voltage transformers. The high-voltage shell and the grounding metal shield play a double shielding function. They can effectively eliminate the influence of the parasitic capacitance and have good electromagnetic interference resistance and high stability.
The structure of the proposed voltage transformer is shown in Figure 2 . Each part is explained in detail in Figure 2 . It can be seen from the figure that it mainly consists of three parts: the high-voltage shell, the insulating sleeve, and the grounding system. The high-voltage shell part consists of an explosion-proof slice, a high-voltage shell, a primary connection terminal, a primary conductor, a metal shield, and a capacitor ring. The capacitor ring is installed in the inner side of the metal shield. The insulating sleeve part consists of an insulating sleeve and a metal tube. The grounding system part consists of a gas density meter, a grounding guide rod, a base, a secondary connection boxes, and a nameplate. The interior of the high-voltage shell and the insulating sleeve are insulated by SF_6 gas. The primary connection terminal is connected to high-voltage, so the high-voltage shell and the primary conductor are on the high-potential side. The metal shield is connected to the earthing screw through the metal tube, so it is on the low-potential side. The insulation between the high-voltage and low-voltage potentials is obtained with SF_6 gas. Basic structure of the SF_6 gas-insulated transformer. 1, explosion-proof slice; 2, high-voltage shell; 3, primary connection terminal; 4, insulating sleeve; 5, gas density meter; 6, primary conductor; 7, grounding guide rod; 8, base; 9, metal shield; 10, metal tube; 11, capacitor ring; 12, secondary connection boxes; 13, nameplate.
The structure of the SF_6 coaxial capacitor is shown in Figure 3 . It consists of a metal shield, a capacitor ring, a primary conductor, a high-voltage shell, a ground electrode, and an insulating layer. A capacitor ring is installed between the primary conductor and the metal shield. The principle of measuring high voltage by using the SF_6 coaxial capacitor is as follows: The primary conductor 3 is connected to the high-voltage side. The high-voltage shell 4 and the primary conductor 3 are at high potential and used as a high-voltage electrode. The metal shield 1 is at the ground potential and used as a low-voltage electrode. The capacitor ring 2 is installed at the inside of 1 (1 and 2 are insulated by the insulating layer 6). The diameter of the capacitor ring is 300 mm, and its width is 50 mm. The capacitor ring 2 is between the high-and low-voltage electrodes and is insulated from them to form a middle electrode. The capacitor ring and the high-and low-voltage electrodes produce two capacitors. Basic structure of the SF_6 gas-insulated transformer. 1, explosion-proof slice; 2, high-voltage shell; 3, primary connection terminal; 4, insulating sleeve; 5, gas density meter; 6, primary conductor; 7, grounding guide rod; 8, base; 9, metal shield; 10, metal tube; 11, capacitor ring; 12, secondary connection boxes; 13, nameplate.
The structure of the SF_6 coaxial capacitor is shown in Figure 3 . It consists of a metal shield, a capacitor ring, a primary conductor, a high-voltage shell, a ground electrode, and an insulating layer. A capacitor ring is installed between the primary conductor and the metal shield. The principle of measuring high voltage by using the SF_6 coaxial capacitor is as follows: The primary conductor 3 is connected to the high-voltage side. The high-voltage shell 4 and the primary conductor 3 are at high potential and used as a high-voltage electrode. The metal shield 1 is at the ground potential and used as a low-voltage electrode. The capacitor ring 2 is installed at the inside of 1 (1 and 2 are insulated by the insulating layer 6). The diameter of the capacitor ring is 300 mm, and its width is 50 mm. The capacitor ring 2 is between the high-and low-voltage electrodes and is insulated from them to form a middle electrode. The capacitor ring and the high-and low-voltage electrodes produce two capacitors. Capacitance C 1 of the high-voltage side is formed by the capacitor ring and the primary conductor. Its output is transmitted to the low-voltage side by a shield cable. Its value can be given as: 
where D1 is the diameter of the capacitor ring (m). D2 is the diameter of the primary conductor (m). l is the width of the capacitor ring (m). is the permittivity of vacuum.
is the relative permittivity of the SF_6 gas. The voltage of the high-voltage side can be obtained by detecting the current i in the capacitor. The capacitance current i is proportional to the primary voltage u, the angular frequency ω, and the value of the C1.
The capacitance current is a differential signal of the primary voltage. Therefore, it is necessary to integrate the capacitance current to eliminate the influence of frequency fluctuation.
As shown in the Figure 4 , the current signal of the SF_6 coaxial capacitor connects to the digital integration unit after the transformation of the current sensor. The digital integration unit is used to restore the current of the SF_6 coaxial capacitor to a signal which is proportional to the primary voltage. It is realized by the digital integrator in this study, which is not affected by temperature and other factors and greatly improves the accuracy and reliability of the integral link. The following is the design of the digital integration. The voltage of the high-voltage side can be obtained by detecting the current i in the capacitor. The capacitance current i is proportional to the primary voltage u, the angular frequency ω, and the value of the C 1 .
As shown in the Figure 4 , the current signal of the SF_6 coaxial capacitor connects to the digital integration unit after the transformation of the current sensor. The digital integration unit is used to restore the current of the SF_6 coaxial capacitor to a signal which is proportional to the primary voltage. It is realized by the digital integrator in this study, which is not affected by temperature and other factors and greatly improves the accuracy and reliability of the integral link. The following is the design of the digital integration. 
High-Precision Digital Integrator
The Romberg algorithm has the characteristics of high algebraic accuracy and fast convergence speed. It can improve the accuracy without increasing the computation as an extrapolation algorithm. It is well-suited to the needs of the big data age. The Romberg algorithm is used to achieve high-precision digital integrators. The principle is as follows: The error between the approximate integral value 
. The error is used as a compensation for According to the conclusion, the Romberg algorithm is summed as shown in Formula (3) [14] , in which, n represents the multiple of the sampling frequency, 1 represents the sampling frequency when it is doubled, 0 represents the sampling frequency when it is a constant, and −1 represents the sampling frequency when it is halved. The basic principle of the Romberg algorithm is shown in Figure 5 .
According to the definition of the Newton Cotes algorithm, the complex trapezoid, complex rectangle, and complex Simpson formula can be obtained as follows. The logarithm λ of the error r E is introduced for the convenience of comparison, and the error logarithm formula is defined as the Formula (7): 
The Romberg algorithm has the characteristics of high algebraic accuracy and fast convergence speed. It can improve the accuracy without increasing the computation as an extrapolation algorithm. It is well-suited to the needs of the big data age. The Romberg algorithm is used to achieve high-precision digital integrators. The principle is as follows: The error between the approximate integral value H (2) t (z) obtained by the trapezoidal formula and the exact value is
The error is used as a compensation for H (2) t (z), and the result is exactly the approximate value H (2) s (z)obtained by the Simpson formula. According to the conclusion, the Romberg algorithm is summed as shown in Formula (3) [14] , in which, n represents the multiple of the sampling frequency, 1 represents the sampling frequency when it is doubled, 0 represents the sampling frequency when it is a constant, and −1 represents the sampling frequency when it is halved. The basic principle of the Romberg algorithm is shown in Figure 5 . 
. The error is used as a compensation for According to the conclusion, the Romberg algorithm is summed as shown in Formula (3) [14] , in which, n represents the multiple of the sampling frequency, 1 represents the sampling frequency when it is doubled, 0 represents the sampling frequency when it is a constant, and −1 represents the sampling frequency when it is halved. The basic principle of the Romberg algorithm is shown in Figure 5 . According to the definition of the Newton Cotes algorithm, the complex trapezoid, complex rectangle, and complex Simpson formula can be obtained as follows. The logarithm λ of the error r E is introduced for the convenience of comparison, and the error logarithm formula is defined as the Formula (7): According to the definition of the Newton Cotes algorithm, the complex trapezoid, complex rectangle, and complex Simpson formula can be obtained as follows. The logarithm λ of the error E r is introduced for the convenience of comparison, and the error logarithm formula is defined as the Formula (7):
Simulating the amplitude error of the Formulas (4)- (6) and then combining the Formula (7), the results can be obtained as shown in Figure 6 . Finally, the following conclusions can be drawn from Figure 6 :
(1) Improving the sampling frequency has obvious effects on improving the amplitude characteristic of the digital integrator. (2) The complex Simpson formula is more accurate than the complex trapezoidal formula, and the error is reduced faster [15] . 
(1) Improving the sampling frequency has obvious effects on improving the amplitude characteristic of the digital integrator. (2) The complex Simpson formula is more accurate than the complex trapezoidal formula, and the error is reduced faster [15] . Because of the limited resolution of the analog-digital converter, the sampling frequency of the electronic current transformer in the actual work cannot be unrestrictedly increasing. In addition, integrating the requirement of sampling points and calculation speed, as well as cost performance, it is not advisable to improve the digital integrator only by increasing the sampling frequency.
Using the Romberg algorithm and combining the method that increases the sampling frequency to reduce the error, it can be concluded that the effect of improving the error by increasing the sampling frequency is further improved with the improvement of the orders of the transfer function in the Coates algorithm. A complex Simpson transfer function is obtained by linearly combining the complex trapezoid formula. The three-order formula is obtained by linear combination of the Simpson transfer function. Followed by analogy according to Formula (7), we can find that the new logarithmic function transfer error is linearly decreased when constructed by the Romberg algorithm. In this way, a new transfer function can be constructed according to the magnitude of the minimum acceptable error [16] .
As for the sampling delay that produces non-integer, it is constructed by the traditional cascade filter. The specific transfer function can be designed and implemented in DSP (Digital Signal Processing) or FPGA (Field-Programmable Gate Array). The disadvantages of using these methods are: even if using the simplest trapezium formula to make a linear combination before and after two Because of the limited resolution of the analog-digital converter, the sampling frequency of the electronic current transformer in the actual work cannot be unrestrictedly increasing. In addition, integrating the requirement of sampling points and calculation speed, as well as cost performance, it is not advisable to improve the digital integrator only by increasing the sampling frequency.
As for the sampling delay that produces non-integer, it is constructed by the traditional cascade filter. The specific transfer function can be designed and implemented in DSP (Digital Signal Processing) or FPGA (Field-Programmable Gate Array). The disadvantages of using these methods are: even if using the simplest trapezium formula to make a linear combination before and after two points of step length, the form of the transfer function obtained after three successive combinations is also very complex, which leads to the rapid increase of the number of sampling points needed and to the reduction of the computing speed. In the same way, its design form is more complex.
The algorithm with higher order is more accurate and faster with the increase of the sampling frequency. However, in practical application, the high-order formula should be avoided as much as possible because of the limitations of the stability and the number of sampling points. A split method to reversely decompose the transfer function is proposed in this study by using the Romberg algorithm. The high-precision and complicated transfer function is reversely decomposed into two or more transfer functions, such as in Formula (8). From Figure 6 , it can be observed that the error of the transfer function is about 10 −4 , and the precision is high in the 0.95π. At the same time, the form of Formula (8) is simple and easy to design, and the phase is −90 degree in the whole frequency band, so the error of the phase characteristic is unnecessary to consider.
Owing to the computer-calculated integral value with interval successive half way to calculate, a previous segmentation function integral value after the integral interval divided into half can also be used. So, a dual microprocessor is chosen to synchronize the work. A simple transfer function is implemented in each microprocessor, which cannot only guarantee the accuracy of computation, but also overcome the difficulty of design and achieve the reduction of consumption time, and the sampling point can also be reused.
The structure of a dual-channel digital integrator is designed in this study on the basis of the Romberg algorithm, which has high precision and simple design. The structure is shown in Figure 7 .
The differential signal output by the coaxial capacitor is first amplified by an active amplifier, and the DC component interference is eliminated after high-pass filtering; then, the signal enters the parallel-channel processing structure. The parallel-channel processing structure includes two channels. The ADC sampling frequency in the main channel is set to f, and the sampling frequency in the error compensation channel is 0.5f. That is, the sampling frequency in the error compensation channel is reduced to half that of the main channel. The signal is sent to the digital integral link after the analog-to-digital converter to carry out the digital integral processing. The transfer function of the digital integral link can be designed as two complex trapezoid transfer functions (9) and (10) according to Formula (8) .
The digital integration unit and the proportional link use the microprocessor as the hardware implementation platform. The output of the digital integration unit is adjusted by the proportion adjustment, and the result is output after adding in the adder, which is provided for the use of the follow-up equipment.
The Romberg algorithm applied to the high-order transfer function only needs to change the corresponding proportional link coefficient and design the integral transfer function. Therefore, the structure is universal. The errors of the complex rectangular, trapezoid, and Simpson transfer functions are given in Table 1 , according to Formula (11). We can see that the error in the 0.95π period is 4.0266 × 10 −3 using Formula (10) to construct a traditional digital integrator, and the error is reduced to 5.7389 × 10 −5 after the error compensation channel is added on the basis of Figure 7 . The results of Table 1 show that the dual -hannel digital integrator has the characteristics of simple design and high accuracy. Meanwhile, the program design of the integral link can also be reduced, which can improve the computation speed and reduce the computation time. 
Performance Analysis
Changes of the capacitance will affect the accuracy of the voltage measurement as the coaxial capacitor will change with the position, temperature, and pressure. The coaxial capacitor is related to the dielectric constant of the medium when the structure of the coaxial capacitor is determined. The SF_6 gas, with excellent insulation and arc extinguishing properties, is used in the medium [17] . The detailed analysis is as follows.
Analysis of Position Influence of the SF_6 Coaxial Capacitor
The inner and outer radii of the two coaxial cylindrical conductor shells are R1 and R2, and R2 > R1. The length of the cylinder is l. Suppose l >> (R2 − R1), the capacitance between the two cylindrical conductor shells can be obtained: As shown in Figure 8 , on the basis of Formula (12), the capacitance can be obtained when the cylindrical conductor shells is off-axis. The errors of the complex rectangular, trapezoid, and Simpson transfer functions are given in Table 1 , according to Formula (11). We can see that the error in the 0.95π period is 4.0266 × 10 −3 using Formula (10) to construct a traditional digital integrator, and the error is reduced to 5.7389 × 10 −5 after the error compensation channel is added on the basis of Figure 7 . The results of Table 1 show that the dual -hannel digital integrator has the characteristics of simple design and high accuracy. Meanwhile, the program design of the integral link can also be reduced, which can improve the computation speed and reduce the computation time. 
Performance Analysis
Analysis of Position Influence of the SF_6 Coaxial Capacitor
The inner and outer radii of the two coaxial cylindrical conductor shells are R 1 and R 2 , and R 2 > R 1 . The length of the cylinder is l. Suppose l >> (R 2 − R 1 ), the capacitance between the two cylindrical conductor shells can be obtained:
Calculation of Off-Axis Capacitance
As shown in Figure 8 , on the basis of Formula (12), the capacitance can be obtained when the cylindrical conductor shells is off-axis.
where R is the distance between the inner and outer centers of the circle. l is the length of the conductor shell. 
where R is the distance between the inner and outer centers of the circle.
l is the length of the conductor shell. 
Calculation of the Deflection Angle Capacitance
When off-center, the capacitance of each unit length varies with the distance between the two circular centers; taking two limit conditions as follows:
When R = 0: When R = R2 − R1:
It can be seen from the above deduction that the capacitance is the smallest when the centers of the circles coincide, and the capacitance is maximum when the two circles are internally tangent, which is the case of the bias axis. When the angle is deflected, it can divide the cable infinitely in the direction perpendicular to the axis of the cable. Each section can be equivalent to a very small axis of bias, then the capacitance, in the case of deflection, is integral along the inner axis. Because of the inverse correlation between C and R, the influence of the drift angle should be less than that of the bias axis, so the effect of the deflection angle can be ignored in practice.
Off-Axis Distance Allowed in Practice
The error of the 0.2 class electronic voltage transformers must not exceed 0.2% according to the IEC standards. The precision of the primary voltage sensor should be controlled within 0.05% according to the principle of error distribution. Because the output of the primary voltage sensor is proportional to the SF_6 coaxial capacitor, the capacitance change caused by the off-axis should be less than 0.05%. For the designed transformer, R1 = 45 mm and R2 = 135 mm. The simulation results are shown in Figure 9 . 
Calculation of the Deflection Angle Capacitance
When R = 0:
Off-Axis Distance Allowed in Practice
The error of the 0.2 class electronic voltage transformers must not exceed 0.2% according to the IEC standards. The precision of the primary voltage sensor should be controlled within 0.05% according to the principle of error distribution. Because the output of the primary voltage sensor is proportional to the SF_6 coaxial capacitor, the capacitance change caused by the off-axis should be less than 0.05%. For the designed transformer, R 1 = 45 mm and R 2 = 135 mm. The simulation results are shown in Figure 9 .
From Figure 9 it can be seen that the error is within the allowable error range when the off-axis distance is 2.5 mm. From Figure 9 it can be seen that the error is within the allowable error range when the off-axis distance is 2.5 mm. 
Analysis of Temperature Performance and Pressure Performance of the Coaxial Capacitor
When the pressure of the SF_6 gas P is from 0.3 to 2.0 MPa, and the temperature T is from 250 to 600 K, the density can be calculated according to the Beattie-Bridgman formula [18] . The changes of r ε can be calculated by Formula (18). The relationship among the gas molecular density N in Formula (18) and the pressure and temperature can be expressed as in Formula (19) .
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10 333 . 1 (19) where, k is the Boltzmann constant with the value of 1.38 × 10 −23 J/K.
Substituting the Formula (19) into (18), the relative permittivity of the SF_6 gas can be obtained [19] . where a and k are all constants. Therefore, the relative permittivity increases with the increases of pressure in a certain range, and decreases with the increases of temperature.
The Relationship between the Capacitance and the Temperature When the Density Does Not Change
When the ambient temperature is 25 °C and the gas pressure is 0.1 MPa, the density of the SF_6 gas is 6.14 kg/m 3 . The relationship between P and T can be obtained by Formula (21). 
Analysis of Temperature Performance and Pressure Performance of the Coaxial Capacitor
When the pressure of the SF_6 gas P is from 0.3 to 2.0 MPa, and the temperature T is from 250 to 600 K, the density can be calculated according to the Beattie-Bridgman formula [18] .
where: P is the pressure (MPa).
T is the temperature (K).
ρ is the density (Kg/m 3 ).
The changes of ε r can be calculated by Formula (18) .
The relationship among the gas molecular density N in Formula (18) and the pressure and temperature can be expressed as in Formula (19) .
where, k is the Boltzmann constant with the value of 1.38 × 10 −23 J/K. Substituting the Formula (19) into (18), the relative permittivity of the SF_6 gas can be obtained [19] .
where a and k are all constants. Therefore, the relative permittivity increases with the increases of pressure in a certain range, and decreases with the increases of temperature.
The Relationship between the Capacitance and the Temperature When the Density Does Not Change
When the ambient temperature is 25 • C and the gas pressure is 0.1 MPa, the density of the SF_6 gas is 6.14 kg/m 3 . The relationship between P and T can be obtained by Formula (21) .
The coaxial capacitance is:
where a is the molecular radius of the SF_6 gas, a = 2.27 · 10 −10 m. l is the length of the coaxial capacitor ring. R 1 and R 2 are the inner and outer radii.
ε 0 is the permittivity of vacuum.
Substituting (21) into (22), we obtain:
where the unit of the capacitance in the Formula (23) is pF. The relationship between C (pF) and T ( • C) is shown in Figure 10 . The coaxial capacitance is:
where a is the molecular radius of the SF_6 gas, . l is the length of the coaxial capacitor ring. R1 and R2 are the inner and outer radii. ε 0 is the permittivity of vacuum.
where the unit of the capacitance in the Formula (23) is pF. The relationship between C (pF) and T (°C) is shown in Figure 10 . As can be seen from Figure 10 , the variation of the capacitance is less than 0.01% in the range of −40 to 120 °C, which meets the accuracy requirements of the 0.2 accuracy class.
The Relationship between the Capacitance and the Temperature When the Density Changes
In general, the annual leakage rate of the gas is less than 1%. Considering the worst case and assuming that the density of the SF_6 gas is changed to 99% of the initial value because of the leakage: 4 3 3.5174 10 2.759 10
Substituting (24) into (23), we can obtain: Figure 10 . The change of the capacitance with the temperature when the density is constant.
As can be seen from Figure 10 , the variation of the capacitance is less than 0.01% in the range of −40 to 120 • C, which meets the accuracy requirements of the 0.2 accuracy class.
In general, the annual leakage rate of the gas is less than 1%. Considering the worst case and assuming that the density of the SF_6 gas is changed to 99% of the initial value because of the leakage:
Substituting (24) into (23), we can obtain:
The relationship between C (pF) and T ( • C) is shown in Figure 11 . The relationship between C (pF) and T (°C) is shown in Figure 11 . Figure 11 . The change of the capacitance with the temperature at 1% density change.
As can be seen from Figure 11 , the change of the capacitance is less than 0.01% when the temperature changes in the range of −40 to 120 °C.
The results show that the designed SF_6 coaxial capacitor meets the precision requirements of the 0.2 accuracy class.
Experimental Results and Analysis
According to the accuracy requirements in IEC standards and GBT 20840. 7-2007 [20-22] , the experiments on the accuracy, power frequency, partial discharge, and electromagnetic compatibility of the developed transformer were completed at the National Power Grid Corp, Wuhan High-Voltage Research Institute. The basic accuracy test was carried out by comparison with a high-accuracy standard voltage transformer in the 0.02 accuracy class, and the temperature cycle test was also done in a similar way, by controlling the temperature in a closed room. The rated primary voltage of the transformer was 110 kV, and the rated secondary output was a digital value of 2D41H. The test results were as follows:
Basic Accuracy Test
From the experimental results in Figure 12 , we can see that the proposed electronic voltage transformer satisfied the accuracy requirements of the 0.2 class in the range of 80% to 150% of rated voltage. The variation of the ratio error was less than 0.05%, and the variation of the phase error was less than 2'. For the same test point, the difference of the initial ratio error and the retest value was less than 0.03%, and was 2' for the phase. As can be seen from Figure 11 , the change of the capacitance is less than 0.01% when the temperature changes in the range of −40 to 120 • C.
Experimental Results and Analysis
Basic Accuracy Test
From the experimental results in Figure 12 , we can see that the proposed electronic voltage transformer satisfied the accuracy requirements of the 0.2 class in the range of 80% to 150% of rated voltage. The variation of the ratio error was less than 0.05%, and the variation of the phase error was less than 2'. For the same test point, the difference of the initial ratio error and the retest value was less than 0.03%, and was 2' for the phase. 
Partial Discharge Test
The results in Table 2 showed that the partial discharge of the designed electronic voltage transformer met the requirements of the electronic voltage transformer in the standards. 
EMC (Electromagnetic Compatibility) Test
According to the accuracy requirements in IEC standards and GBT 20840.7-2007, the electromagnetic field disturbance tests, surge immunity test, and oscillatory immunity test of the designed electronic voltage transformer were carried out. The results are shown in Table 3 . The results show that all the electromagnetic compatibility test items of the transformer reached grade A and fully met the requirements for outdoor operation.
Temperature Cycle Test
According to the requirements of the standards, the temperature cycle test of the designed electronic voltage transformer was carried out at the rated voltage. The results are shown in Figure 13 . 
Partial Discharge Test
EMC (Electromagnetic Compatibility) Test
Temperature Cycle Test
According to the requirements of the standards, the temperature cycle test of the designed electronic voltage transformer was carried out at the rated voltage. The results are shown in Figure 13 . The results show that the designed electronic voltage transformer met the accuracy requirements of the 0.2 class. 
Conclusions
A new high-voltage electronic voltage transformer is proposed in this study, which meets the requirement of big data technology. By adopting the traditional inverted SF_6 insulation structure, a high reliability could be realized in the field operation. By constructing the middle coaxial electrode between the high-voltage electrode and the ground electrode, an SF_6 coaxial capacitor was formed, and the primary voltage could be obtained by detecting the current of the SF_6 coaxial capacitor. The capacitor was under the dual shielding of the high-voltage shell and the grounding metal shield, which could improve its stability. Factors affecting the coaxial capacitor were studied, such as position, temperature, and pressure, and the results showed that the transformer could achieve high accuracy and stability. To improve the performance of the integrator, a high-precision digital integrator based on the Romberg algorithm is proposed in this paper. This can not only guarantee the accuracy of computation, but also reduce the consumption time. In addition, the sampling point can also be reused. The test results showed that the electronic voltage transformer can fully meet the requirements of the 0.2 accuracy class.
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